Hereditary multiple exostoses (HME) represents a heterogeneous group of diseases often associated with progressive skeletal deformities. Most frequently, mutations in EXT1 and EXT2 genes with autosomal dominant inheritance are responsible for HME. In our group of 9 families with HME we evaluated the clinical course of the disease and analysed molecular background using Sanger sequencing and MLPA in EXT1 and EXT2 genes. The mean age in our group of patients, when the first exostosis was recognised was 4.5 years (range 2-10 years) and the number of exostoses per one patient documented on X-ray ranged from 2 to 54. Most of the exostoses developed before the growth was completed and they were dominantly localised in the distal femurs, proximal tibia, proximal humerus and distal radius. In all patients, at least one to 8 surgeries were necessary due to complaints and local complications, but neither patient
Introduction
Hereditary multiple exostoses (HME) manifests as remodelling deformities in bones due to disturbed chondrocyte proliferation and maturation that leads to abnormal bone growth and development of isolated or multiple exophytic masses near the joints of long bones (Karasick et al., 1997; Stieber and Dormans, 2005; Kok et al., 2013) . HME belongs to the group of glycosaminoglycan biosynthesis deficiencies associated with skeletal and connective tissue disorders (Hennet and Cabalzar, 2015) . The inheritance of HME is autosomal dominant and most patients have non-sense mutation in the EXT1 gene on chromosome 8q24 or EXT2 gene on chromosome 11p11-13 encoding exostosin glycosyltransferase 1 and 2 (EXT1; OMIM *608177 and EXT2; OMIM *608210) (Wuyts et al., 1998; Francannet et al., 2001) .
Exostoses are localised most frequently in the metaphyses of long bones, but they may also develop on the diaphyses of long bones. They are usually painless, but secondary complaints may arise due local pressure of exostosis on neighbouring areas of soft tissues. Bone lesions on flat bones, vertebrae, and the ribs are less common and the skull is usually not involved (OMIM #133700).
We present the results of clinical, radiologic and molecular survey in 9 families with hereditary multiple exostoses.
Methods
Total genomic DNA was available from all patients and parents of patient 4 and patient 9. All exons of EXT1 (ENSG00000182197; ENST00000378204) and EXT2 (ENSG00000151348; ENST00000395673) genes were amplified by PCR from genomic DNA isolated from leukocytes and analyzed by direct sequencing using 3500xL genetic analyzer (Applied Biosystems, USA). PCR primers are available upon request. All samples were tested for large deletions/duplications using the SALSA MLPA P215-B2 EXT probe mix (MRC-Holland, Amsterdam, Netherlands) according to the manufacturer's instructions. Fragment analysis was performed on 3500xL genetic analyzer (Applied Biosystems, USA), and the MLPA data were analysed using Coffalyser.Net software (MRC-Holland, Netherlands).
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Results
Patients
Altogether, 9 probands and 3 other family members with multiple exostoses at the age between 6 and 76 years and two 18 months old girls from family 4 were recommended to our outpatient clinic for skeletal dysplasia for genetic testing and counselling. All but one proband are Caucasians from different regions of the Czech Republic, one proband is offspring of parents from the Czech Republic and Asia.
The average age, when the first exostosis was recognized clinically, was 4.5 years (range 2-10 years) and the average age, when the diagnosis of multiple exostoses was confirmed by radiographic examinations, was 8.6 years (range 3-15 years) ( Table 1) . Exostoses in our patients were dominantly localised in distal femur, proximal tibia, proximal humerus and distal radius ( Figure 1) . Most of the exostoses developed during pubertal growth spurt. Stabilisation of the disease occurred after 
) Exostoses on distal forearms cause deformation of diametaphyses of long bones. Significant exostoses are located particularly on ulnae leading to their relative shortening, outward bowing of radii and formation of "bayonet hand" deformity of the forearm (P1 at the age of 13 years); B) Significant broad exostoses are apparent on the proximal metaphysis and on the upper half of proximal diaphysis of the right humerus with a significant deformity of the humeral diametaphysis (P3 at the age of 71 years).
A B the growth was completed, but the disease resulted in the short stature in 6 out of 13 patients (46%). The number of exostoses per one patient documented on X-ray ranged from 2 to 54 (Table 1) . In practically all patients, at least one to 8 surgeries were necessary due to complaints and local complications of exostoses, but no patient developed malignant transformation, so far.
Mutation analysis of EXT1 and EXT2 genes
DNA analyses in 7 patients from 5 families revealed the presence of heterozygous mutation in EXT1 gene and mutation in EXT1 was also found in two asymptomatic young girls (P7, P8) from family 4. Mutations in EXT2 gene were found in three patients P12, P13 and P14 (mother of P13). Five mutations have been novel and two mutations, one in each analysed gene, have occurred de novo in probands (Table 2) . Large deletions/duplications affecting EXT1 and EXT2 genes were not found.
Discussion
Both enzymes, exostosin glycosyltransferase 1 and exostosin glycosyltransferase 2 (EXT1 and EXT2), are involved in the synthesis of heparan sulphate proteoglycans
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Figure 1 -C) Two exostoses localized on left proximal femur causing deformity of left hip joint. The larger exostosis is broad-based with lower bone density, the smaller one is pedunculated with higher bone density (P2 at the age of 41 years); D) Multiple exostoses localized on distal parts of diaphyses and metaphyses of femora and proximal parts of tibiae and fibulae, some of them are hook-like and protrudes into the soft tissues (P4 at the age of 9.5 years); E) Multiple exostoses on most of metatarsal bones bilaterally, very significant particularly on metatarsal bone II and V on the left, other exostoses are on proximal phalanges of finger II-V on the left and proximal phalange of the finger IV on the right (P13 at the age of 9.5 years).
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on the cell surface and in the extracellular matrix (Wuyts et al., 1998; Francannet et al., 2001) . EXT1 and EXT2 genes encoding these enzymes have tumour suppressor function and mutations in EXT1 and EXT2 genes may cause a loss of heterozygosity (LOH). It means a 2-hit tumour formation model, when a single germ-line mutation in EXT1 or EXT2 results in the predisposition for disease and the second local somatic mutation allows for aberrant growth of exostoses (Hecht et al., 1995; Raskind et al., 1995) . Growth of exostoses may result in short stature, limb-length discrepancies, valgus deformities of the knee and ankle, asymmetry of the pectoral and pelvic girdles, bowing of the radius with ulnar deviation of the wrist, and subluxation of the radiocapitellar joint (Stieber and Dormans, 2005) . In both aspects, clinical and radiological, the group of our patients corresponds well with other studies describing the localisation of exostosis predominantly around the knee (Bovée, 2008) .
The prevalence of HME is estimated at 1:50 000, and it seems to be higher in males (male-to-female ratio 1.5:1) (Bovée, 2008) . In our study, only half of probands (1999) are males. The diagnosis of HME in childhood is mostly based on family history of the disease with autosomal dominant inheritance, clinical evaluation, radiographic examination and genetic testing.
The results of molecular analyses in our study are in agreement with the literature. Most mutations in EXT1 and EXT2 in families with HME are private. A more severe course of the disease was shown to be significantly associated with mutations in EXT1 gene, whereas a moderate phenotype is more often associated with mutations in EXT2 (Francannet et al., 2001; Heinritz et al., 2009 ). In our study, mutations in EXT1 gene were found in 55% of probands. It is a much less than 85% found in 33 unrelated Polish patients (Jamsheer et al., 2014) . Mutations in EXT2 gene were found in two probands. All except two mutations identified in our study are novel. EXT1 mutation p.Leu490Profs*31 in proband 5 and ETX2 mutation p.Val187Profs*115 found in family 9 have been already described (Song et al., 1999; Seki et al., 2001) . In our families with HME, the molecular basis of the disease was not recognized in 22% of probands. In recent study of significantly larger patient
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Precise diagnostics in patients with multiple exostoses is not always easy, especially in patients without mutation in EXT1 and EXT2 genes, because exostosis may also develop in other clinical conditions including metachondromatosis (OMIM #156250) and the Langer-Giedion syndrome (LGS; OMIM #150230) also known as trichorhinophalangeal syndrome type II and in patients with fibrodysplasia ossificans progressiva (FOP; OMIM #135100), occipital horn syndrome (OMIM #304150), and the adult stage of hereditary hypophosphatemia (OMIM #307800); these exostoses are located at sites of tendon and muscle attachment. A relatively rare variant of the supracondylar process, on the anteromedial surface of the distal humerus, can be confused with an exostosis; the variant is said to be present in about 1% of persons of European descent (Silverman, 1985) . Recently, exostosinlike glycosyltransferase 3 (EXTL3) that regulates the biosynthesis of heparan sulphate (HS) and is important for both skeletal development and haematopoiesis has been linked to distinct clinical phenotype by two groups. EXTL3 mutations are responsible for "neuro-immuno-skeletal dysplasia syndrome" with variable skeletal abnormalities, neurodevelopmental defects and combined immunodeficiency (Oud et al., 2017; Volpi et al., 2017) .
Conclusion
Early diagnostics and longitudinal follow up of patients with hereditary multiple exostoses are of great importance. In some patients, surgery can prevent progression of secondary deformities. Although the risk for malignant transformation of the cartilaginous portion of the exostosis in patients with isolated exostosis is usually low (0.5-1%), the risk increases in patients with multiple exostoses up to 5% (Vanhoenacker et al., 2001; Stieber and Dormans, 2005; Bovée, 2008) . The onset of malignant transformation towards secondary peripheral chondrosarcoma is most frequent in the fourth decade, it seldom occurs in children below 10 years and adults after 50 years (Ochsner, 1978) .
